A Bose-Einstein condensate was produced in a vapor of rubidium-87 atoms that was confined by magnetic fields and evaporatively cooled. The condensate fraction first appeared near a temperature of 170 nanokelvin and a number density of 2.5 x 1012 per cubic centimeter and could be preserved for more than 15 seconds. Three primary signatures of Bose-Einstein condensation were seen. (i) On top of a broad thermal velocity distribution, a narrow peak appeared that was centered at zero velocity. (ii) The fraction of the atoms that were in this low-velocity peak increased abruptly as the sample temperature was lowered. (iii) The peak exhibited a nonthermal, anisotropic velocity distribution expected of the minimum-energy quantum state of the magnetic trap in contrast to the isotropic, thermal velocity distribution observed in the broad uncondensed fraction.
the detailed properties of the macroscopic quantum state and allow only a small fraction of the particles to occupy the Bose condensed state. Recently, evidence of Bose condensation in a gas of excitons in a semiconductor host has been reported (5). The interactions in these systems are weak but poorly understood, and it is difficult to extract information about the exciton gas from the experimental data. Here, we report evidence of BEC in a dilute, and hence weakly interacting, atomic vapor. Because condensation at low densities is achievable only at very low temperatures, we evaporatively cooled a dilute, magnetically trapped sample to well below 170 nK.
About 15 years ago, several groups began to pursue BEC in a vapor of spinpolarized hydrogen (6) . The primary motivation was that in such a dilute atomic system one might be able to produce a weakly interacting condensate state that is much closer to the original concept of Bose and Einstein and would allow the properties of the condensate to be well understood in terms of basic interatomic interactions. In the course of this work, 1000-fold increases in phase-space density have been demonstrated with the technique of evaporative cooling of a magnetically trapped hydrogen sample (7); recently, the phase-space density has approached BEC levels. Progress has been slowed, however, by the existence of inelastic interatomic collisions, which cause trap loss and heating, and by the lack of good diagnostics for the cooled samples.
The search for BEC in a dilute sample of laser-cooled alkali atoms has' a somewhat shorter history. Developments in laser trapping and cooling over the past decade made it possible to increase the phase-space density of a vapor of heavy alkali atoms by more than 15 orders of magnitude. However, several processes involving the scattered photons were found to limit the achievable temperatures (8) and densities (9), so that the resulting value for p was 105 to 106 times too low for BEC. \Xe began to pursue BEC in an alkali vapor by using a hybrid approach to overcome these limitations (10, ll). This hybrid approach involves loading a laser-cooled and trapped sample into a magnetic trap where it is subsequently cooled by evaporation. This approach is particularly well suited to heavy alkali atoms because they are readily cooled and trapped with laser light, and the elastic scattering cross sections are very large (12), which facilitates evaporative cooling.
There are three other attractive features of alkali atoms for BEC. (i) By exciting the easily accessible resonance lines, one can use light scattering to sensitively characterize the density and energy of a cloud of such atoms as a function of both position and time. This technique provides significantly more detailed information about the sample than is possible from any other macroscopic quantum system. (ii) As in hydrogen, the atom-atom interactions are weak [the Swave scattering length ao is about 106 cm, whereas at the required densities the interparticle spacing (x) is about 10-4 cm] and well understood. (iii) These interactions can be varied in a controlled manner through the choice of spin state, density, atomic and isotopic species, and the application of external fields. The primary experimental challenge to evaporatively cooling an alkali vapor to BEC has been the achievement of sufficiently high densities in the magnetic trap. The evaporative cooling can be maintained to very low temperatures only if the initial density is high enough that the atoms undergo many (-100) elastic collisions during the time they remain in the trap. Using a combination of techniques to enhance the density in the optical trap, and a type of magnetic trap that provides long trap holding times and tight confinement, has allowed us to evaporatively cool to BEC.
A schematic of the apparatus is shown in Fig. 1 . The optical components and magnetic coils are all located outside the ultrahigh-vacuum glass cell, which allows for easy access and modification. Rubidium atoms from the background vapor were optically precooled and trapped, loaded into a magnetic trap, then further cooled by evaporation. The TOP (time orbiting potential) magnetic trap (13) we used is a superposition of a large spherical quadrupole field and a small uniform transverse field that rotates at 7.5 kHz. This arrangement results in an effective average potential that is an axially symmetric, three-dimensional (3D) harmonic potential providing tight and stable confinement during evaporation. The evapor-ative cooling works by selectively re-leasing the higher energy atoms from the trap; the remaining atoms then rethermalize to a colder temperature.
We accomplished this release with a radio frequency (rf) magnetic field (14) . Because the higher energy atoms sample the trap regions with higher magnetic field, their spin-flip transition frequencies are shifted as a result of the Zeeman effect. We set the frequency of the rf field to selectively drive these atoms into an untrapped spin state. For optimum cooling, the rf frequency was ramped slowly downward, causing the central density and collision rate to increase and temperature to decrease. The final temperature and phase-space density of the sample depends on the final value of the rf The sample was then evaporatively cooled for 70 s, during which time both the rf frequency and the magnitude of the rotating field were ramped down, as described (13, 20) . The choice of the value of vevap for the cycle determines the depth of the rf cut and the temperature of the remaining atoms. If Vevap is 3.6 MHz, the rf "scalpel" will have cut all the way into the center of the trap and no atoms will remain. At the end of the rf ramp, we allowed the sample to equilibrate for 2 s (21) and then expanded the cloud to measure the velocity distribution. For technical reasons, this expansion was done in two stages. The trap spring constants were first adiabatically reduced by a factor of 75 and then suddenly reduced to nearly zero so that the atoms essentially expanded ballistically. A field gradient remains that supports the atoms against gravity to allow longer expansion times. Although this approach provides small transverse restoring forces, these are easily taken into account in the analysis. After a 60-ms expansion, the spatial distribution of the cloud was determined from the absorption of a 20-is, circularly polarized laser pulse resonant with the 5S1/2, F -2 to 5P3/2, F -3 transition. The shadow of the cloud was imaged onto a charge-coupled device array, digitized, and stored for analysis.
This shadow image (Fig. 2) contains a large amount of easily interpreted information. Basically, we did a 2D time-offlight measurement of the velocity distribution. At each point in the image, the optical density we observed is proportional to the column density of atoms at the corresponding part of the expanded cloud. Thus, the recorded image is the initial velocity distribution projected onto the plane of the image. For all harmonic confining potentials, including the TOP trap, the spatial distribution is identical to the velocity distribution, if each axis is linearly scaled by the harmonic oscillator frequency for that dimension (22). Thus, from the single image we obtained both the velocity and coordinate-space distributions, and from these we extracted the temperature and central density, in addition to characterizing any deviations from thermal equilibrium. The measurement process destroys the sample, but the entire load-evaporate-probe cycle can be repeated. Our data represent a sequence of evaporative cycles performed under identical conditions except for decreasing values of vevap, which gives a corresponding decrease in the sample temperature and an increase in phase-space density.
The discontinuous behavior of thermodynamic quantities or their derivatives is always a strong indication of a phase transition. In Fig. 3, we see a sharp Figs. 2B and 4) . As the cooling progresses (Fig. 4) cm-3 and a temperature of 170 nK. This represents a phase-space density pps of 0.3, which is well below the expected value of 2.612. The phase-space density scales as the sixth power of the linear size of the cloud. Thus, modest errors in our size calibration could explain much of this difference. Below the transition, one can estimate an effective phase-space density by simply dividing the number of atoms by the observed volume they occupy in coordinate and velocity space. The result is several hundred, which is much greater than 2.6 and is consistent with a large occupation number of a single state. The temperatures and densities quoted here were calculated for the sample in the unexpanded trap. However, after the adiabatic expansion stage, the atoms are still in good thermal equilibrium, but the temperatures and densities are greatly reduced. The 170 nK temperature is reduced to 20 nK, and the number density is reduced from 2.6 X 1012 cm3 to 1 x 1011 cm-. There is no obstacle to adiabatically cooling and expanding the cloud further when it is desirable to reduce the atom-atom interactions, as discussed below (24).
A striking feature evident in the images shown in Fig. 2 is the differing axial-toradial aspect ratios for the two components of the cloud. In the clouds with no condensate (vevap > 4.23 MHz) and in the noncondensate fraction of the colder clouds, the velocity distribution is isotropic (as evidenced by the circular shape of the yellow to green contour lines in Fig. 2, A and B) . But the condensate fraction clearly has a larger velocity spread in the axial direction than in the radial direction (Fig. 2, B and  C) . This difference in aspect ratios is readily explained and in fact is strong evidence in support of the interpretation that the central peak is a Bose-Einstein condensate. The noncondensate atoms represent a thermal distribution across many quantum wave functions. In thermal equilibrium, velocity distributions of a gas are always isotropic regardless of the shape of the confining potential. The condensate atoms, however, are all described by the same wave function, which will have an anisotropy reflecting that of the confining potential. The velocity spread of the ground-state wave function for a noninteracting Bose gas should be 1. A more quantitative treatment of the observed shape of the condensate shows that the noninteracting gas picture is not completely adequate. We find that the axial width is about a factor of 2 larger than that calculated for a noninteracting ground state and the ratio of the axial to radial velocity spread is at least 50% larger than calculated. However, the real condensate has a self-interaction energy in the mean-field picture of 4manao0h2/m, which is comparable to the separation between energy levels in the trap. Simple energy arguments indicate that this interaction energy will tend to increase both the size and the aspect ratio to values more in line with what we observed.
Although an atomic vapor of rubidium can only exist as a metastable state at these temperatures, the condensate survives in the unexpanded trap for about 15 s, which is long enough to carry out a wide variety of experiments. The loss rate is probably a result of three-body recombination (25, 26), which could be greatly reduced by adiabatically expanding the condensate after it has formed.
Much of the appeal of our work is that it permits quantitative calculations of microscopic behavior, heuristic understanding of macroscopic behavior, and experimental verification of both. The technique and apparatus described here are well suited for a range of experiments. The basic glass cell design provides flexibility in manipulating and probing the atoms. In addition, it is not difficult to substantially improve it in several ways. First, our position and velocity resolution can be improved with minor changes in optics and in expansion procedures. Second, a double MOT technique that spatially separates the capture and storage of atoms will increase our number of atoms by more than 100 (27). Third, with improvement in measurement sensitivity it should be possible to probe the cloud without destroying it, in order to watch the dynamics in real time.
An abbreviated list of future experiments includes (i) performing optical spectroscopy, including higher order correlation measurements, on the condensate in situ to study how light interacts differently with coherent matter and incoherent matter (28); (ii) comparing the behaviors of 87Rb with 85Rb, which is known to have a negative scattering length (1 9), potentially making the condensate unstable; (iii) studying time-dependent behavior of the phase transition including the stability of the supersaturated state; (iv) exploring the specific heat of the sample as it goes through the transition boundary (2) by measuring how condensate and noncondensate fractions evolve during cooling; (v) studying critical opalescence and other fluctuation-driven behavior near the transition temperature; and (vi) carrying out experiments analogous to many of the classic experiments on superfluid helium (2, 29). There is a prediction that the scattering length of heavy alkalis can be modified, and even be made to change sign, by tuning the ambient magnetic field through a scattering resonance (26). Directly modifying the scattering length would provide the ultimate control, but whether or not this is practical, one can still study the properties of the condensate as functions of the strength of the residual interactions because we now have the ability to cross the phase-transition curve over a large range of densities. Thus, it will be possible to observe, and to compare with theoretical prediction, the emergence of nonideal behavior such as singularities in the specific heat and many other phenomena, including those mentioned above.
